2 Three major PITX2 isoforms are differentially expressed in humans, mice, zebrafish, chick and frog tissues. To demonstrate differential regulation of gene expression by these isoforms we used three different promoters and three cell lines. Transient transfection of CHO, HeLa and LS-8 cell lines reveal differences in PITX2A and PITX2C activation of the PLOD1 and Dlx2 promoters, however, PITX2B is inactive. In contrast, PITX2B actives the pituitary specific Prolactin promoter at higher levels than either PITX2A or PITX2C. Interestingly, co-transfection of either PITX2A or PITX2C with PITX2B results in a synergistic activation of the PLOD1 and Dlx2 promoters. Furthermore, PITX2 isoforms have different transcriptional activity dependent upon the cells used for transfection analysis. We have isolated a fourth PITX2 isoform (PITX2D) expressed only in humans, which acts to suppress the transcriptional activity of the other PITX2 isoforms. EMSA and GST pull-down experiments demonstrate that all isoforms interact with PITX2D, and PITX2B forms heterodimeric complexes with PITX2A and PITX2C. Our research provides a molecular basis for differential gene regulation through the expression of PITX2 isoforms. PITX2 isoform activities are both promoter and cell specific and our data reveal new mechanisms for PITX2 regulated gene expression. 
INTRODUCTION
The PITX genes are members of the bicoid class of the homeodomain proteins. These have a lysine residue at position nine of the third helix and are especially noteworthy for a role in both DNA and RNA binding (1) (2) (3) . PITX2 was identified by positional cloning of the 4q25 locus in patients with Axenfeld-Rieger syndrome (ARS) (4) . Patients diagnosed with classical Rieger syndrome have PITX2 mutations, mostly clustered in the homeodomain (3) (4) (5) . The mouse Pitx2 gene was subsequently cloned from a pituitary library (6) . This gene has been cloned by other groups and assigned various names (Ptx2, Otlx2, Brx1 and ARP1) (7) (8) (9) . Pitx2 has been shown to be expressed in the brain, heart, pituitary, mandibular and maxillary regions, eye, and umbilicus (4,6,7). 4 researchers were unable to detect Pitx2b isoform in chicks. Zebrafish are somewhat different in that Pitx2a has a greater impact on cardiac symmetry than Pitx2c (23) . In Zebrafish Pitx2c is asymmetrically expressed in the left dorsal diencephalon and developing gut while Pitx2a is seen in the left heart primordium. Eloquent experiments in mice that were defective for Pitx2a and Pitx2b expression demonstrate that different organs have distinct requirements for Pitx2c dosage (24) . These researchers have shown that lower levels of Pitx2c expression were required for cardiac atria and higher levels for duodenum and lung development. In contrast, other investigators have reported expression of Pitx2c and Pitx2b but not Pitx2a in mice and frogs (26) . They report overlapping and distinct patterns of Pitx2 expression in the lateral plate mesoderm, heart, gut, cement gland, head mesenchyma, pituitary gland, branchial arches, myotome and muscles. Pitx2c and Pitx2b were expressed in the head region of mice and overlapping expression patterns were seen in the brain of frogs. However, they report only Pitx2c expression was observed during heart development in both the mouse and frog (26) . Other experiments in mice have shown Pitx2 expression in the odontogenic epithelium and it is the first transcriptional marker of tooth development (27) . More recently, we have shown that Pitx2 protein is restricted to the developing dental epithelium (28) . Altogether these data demonstrate that Pitx2 isoforms are required either separately or in overlapping domains and different doses to regulate normal vertebrate heart, lung, brain, tooth, pituitary and gut development.
However, the biochemical/molecular mechanism of these effects have not been determined.
Target genes for PITX2 have been described for the pituitary; the Prolactin gene is synergistically activated by Pit-1 and PITX2 (3) . Other pituitary-specific Pitx2 target genes have also been described (29) . However, we have now identified two genes outside of the pituitary that are specifically regulated by PITX2. We have shown that PITX2 regulates procollagen lysyl hydroxylase (PLOD) and Dlx2 gene expression (30, 31) . The PLOD1 gene encodes an enzyme responsible for hydroxylizing lysines in collagens, which plays a role in specifying the extracellular matrix and provides a foundation for the morphogenesis of tissues and organs. The Dlx2 gene encodes a transcription factor expressed in the mesenchymal and epithelial cells of the mandibular and maxillary regions and expressed in the diencephalon. Dlx2, a member of the distal-less gene family, has been established as a regulator of branchial arch development (32, 33) . Homozygous mutants of Dlx2 have abnormal development of forebrain cells and craniofacial abnormalities in developing neural tissue, Dlx genes exhibit both sequential and 5 overlapping expression, implying that temporo-spatial regulation of Dlx genes are tightly regulated (34) . Pitx2 and Dlx2 genes are expressed in the same tissues early during development.
These reports establish the PITX2 family of bicoid-like homeodomain genes as key regulators of important development processes and are required to regulate specific genes during embryogenesis. Our studies demonstrate differential activation of the PLOD1 and Dlx2 promoters by PITX2 isoforms in several cell lines. We demonstrate synergism between PITX2 isoforms and their activities appear to be promoter dependent. We report the identification of a new PITX2 isoform (PITX2D) generated by the PITX2C alternative promoter and differential splicing (Fig. 1) . We have only observed this isoform expressed in humans and it was identified from a human craniofacial library. The PITX2D isoform acts to down regulate the transcriptional activities of PITX2A and PITX2C. All isoforms can form homodimers and heterodimers are formed with PITX2B. We demonstrate new regulatory mechanisms for the fine tuning of PITX2 transcriptional activity that is required for normal development. Our data provides a molecular/biochemical basis for the developmental regulation of organ and tissue development by PITX2 isoforms reported in humans, zebrafish, chicks, frogs and mice.
MATERIALS AND METHODS

Expression and Purification of GST-PITX2 Fusion Proteins-
The PITX2A isoform was PCR amplified from a cDNA clone as described (3) . The PITX2B, PITX2C and PITX2D isoforms were PCR amplified from cDNA clones provided by Drs. Elena Semina and Jeff Murray (Dept. of Pediatrics, University of Iowa). The 5' primers all contained the initiation codon and a unique SalI site whereas the 3' antisense primer contained PITX2 sequences downstream of the stop codon and a unique NotI site (5'GTACTGCAGATGCGGCCGCAGCATAATTCCCAGTC3'), to facilitate cloning into the pGEX6P-2 GST vector (Amersham Pharmacia Biotech) as previously described (3, 35) . The 5' primers were unique for each isoform and consisted of the following: PITX2B-(5'CGTCGTCGACATGGAGACCAATTGTCGC3'), PITX2C-(5'CGTCGTCGACATGAACTGCATGAAAGGC3'), PITX2D-(5'CGTCGTCGACATGTCCACACGCGAAGAA3'). All pGST-PITX2 plasmids were confirmed by DNA sequencing. The plasmids were transformed into BL21 cells. Proteins were isolated as described (3) . PITX2 proteins were cleaved from the GST moiety using 80 units of PreScission Protease (Pharmacia Biotech) per ml of 6 glutathione Sepharose. The cleaved proteins were analyzed on SDS polyacrylamide gels and quantitated by the Bradford protein assay (BioRad).
Electrophoretic mobility shift assay (EMSA)-Complementary oligonucleotides containing the Dlx2 bicoid
and bicoid-like sites with flanking partial BamHI ends were annealed and filled with Klenow polymerase to generate 32 P-labeled probes for EMSAs, as described (31) . Standard binding assays were performed as previously described (35) . The bacteria expressed and purified PITX2 proteins were used in the assays at the indicated amounts. The samples were electrophoresed, visualized and quantitated as described previously, except quantitation of dried gels was performed on the Molecular Dynamics STORM PhosphoImager (31) .
GST-PITX2 pull down and Western blot assays-Immobilized GST-PITX2D fusion protein was prepared as described above and suspended in binding buffer (20 mM Hepes pH 7.5, 5% glycerol, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% milk and 400 µg/ml of ethidium bromide). Purified bacteria expressed PITX2 proteins (200 ng's) were added to 5 µg's immobilized GST-PITX2D fusion proteins or GST in a total volume of 100 µl, and incubated for 30 min at 4 o C. The beads were pelleted and washed 4 times with 200 µl binding buffer. The bound proteins were eluted by boiling in SDS-sample buffer and separated on a 12.5% SDS-polyacrylamide gel.
Approximately, 200 ng of purified PITX2 proteins were analyzed in separate Western blots. Following SDS gel electrophoresis, the proteins were transferred to PVDF filters (Millipore), immunoblotted and detected using PITX2 antibody P2R10 (28, 31) and ECL reagents from Amersham.
Cloning of the PITX2D isoform-The homeobox sequence of the PITX2 gene was PCR-amplified using the following primers: sense, 5'CAGGGGAAGAATGAGGACGT3', and antisense, 5'GAAGCCATTCTTGCATAGCT3', and the PITX2A plasmid as a template (4) . The 175-bp fragment containing sequences of the first exon of the PITX2D isoform was PCR-amplified using the following primers: sense, 5'CTGAGCTGCGGCAAGGC3', and antisense, 5'GGCAGCCCTGACAGAGATG3', and the PITX2D plasmid as a template (this paper). The PCR fragments were separated by electrophoresis in agarose gel, extracted from the 7 (Boehringer) and manufacturer's protocols. The following cDNA libraries were screened: human craniofacial (constructed from mRNA derived from the craniofacial region of human embryos ranging from 42 to 53 days' gestation (36) , mouse embryonic carcinoma (Stratagene) and mouse 15-day embryo (Novagene). The hybridization, washing, exposure, identification of the positive clones, excision and sequencing procedures were performed as previously described (4) . The exon-intron boundaries were identified by comparison of the identified cDNA and the PITX2 genomic sequence. By using the 266-bp homeobox sequence of the PITX2 as a probe, we identified multiple positive clones that can be divided into seven groups: sequences of PITX2 isoform A, PITX2 isoform B, PITX2 isoform C, PITX2 isoform D, partial PITX2 sequences that can be attributed to any isoform and various sequences belonging to either PITX1 or PITX3 genes. The PITX2 A-C isoforms were described before (4, 6, 9, 21) . The PITX2D isoform was only identified from the human craniofacial library: two independent clones were isolated from the 3X10 6 clones examined. The PITX2D sequence consists of three exons: first exon (178 bp), which was found to be located 230-bp upstream of the first exon of the PITX2C isoform as it was identified from the human craniofacial library, second exon (77 bp) representing partial sequence of the PITX2 exon 5 lacking one hundred twenty nine of its 5' nucleotides, and the third exon (1258 bp) that is equivalent to the PITX2 exon 6 ( Fig.   1 ). By searching GenBank, we identified that the first exon of the PITX2D isoform was found to be a part of the first exon of PITX2C isoform in two independent submissions: IMAGE 3937807 clone isolated from the lung library and ARP1C (PITX2C) cDNA. Sequences at the exon/intron junctions for the PITX2D were identified for the 5' ss, GGGCTGCCGC/gt, and for the 3' ss, cactttcc/AGAGGAACAGC. It is notable that the nucleotides at positions -1 and -2 of the 3' splicing site (CC) do not correspond with the conserved sequence identified as AG. LS-8 cells were transfected by electroporation as previously described (31) . Transfected cells were incubated for 24 h then lysed and assayed for reporter activities and protein content by Bradford assay (Bio-Rad). Luciferase was measured using reagents from Promega. β-galactosidase was measured using the Galacto-Light Plus reagents (Tropix Inc.). All luciferase activities were normalized to β-galactosidase activity. Expression of transiently expressed PITX2 proteins has been previously demonstrated (35) . activation of these promoters to the pituitary-specific Prolactin promoter. We have previously shown that the PITX2A isoform can activate all three promoters (30, 31, 35) . We compared the activities of the PITX2 A, B and C isoforms using the full-length Dlx2-3276 and minimal Dlx2-200 promoter in CHO cells ( Fig. 2A) . PITX2A
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activates the Dlx2-3276 promoter at 30-fold, PITX2C at 22-fold, but surprisingly PITX2B demonstrates only 2-3-fold activation of this promoter compared to empty expression vector transfected as a control (Fig. 2B) . Each isoform has limited activity when transfected with the Dlx2-200 minimal promoter, which we use as a control to demonstrate specific PITX2 activity. The result with PITX2B was surprising since all isoforms contain identical homeodomain and C-terminal regions ( Fig. 1 ). We and others have shown that the PITX2 C-terminal region contains a transcriptional activation domain (25, 29, 35) . Thus, this was an unexpected result and is probably due to the presence of different PITX2 N-terminal sequences. Another explanation for this result would include reduced expression or stability of PITX2B in our transfected CHO cells. To address this we analyzed our transfected CHO lysates for PITX2 protein expression and found equal expression of all isoforms (Fig. 2C) . Thus, these results suggest that the N-terminal region of PITX2B may negatively regulate its transcriptional activity in CHO cells using the Dlx2 promoter.
We next asked if these PITX2 isoforms would differentially regulate the PLOD1 promoter. Two PLOD1 promoter constructs were made and linked to the luciferase gene ( To further analyze the differences in PITX2 isoform activities we have used the pituitary-specific Prolactin promoter. It has been previously reported that the three major PITX2 isoforms, including PITX2B, all activated several pituitary promoters at similar levels (29,37). We co-transfected the naturally occurring Prolactin promoter with the PITX2 isoforms and found that PITX2B gave the greatest activation with this promoter in CHO cells (Fig.   4 ). PITX2A and PITX2C activated the Prolactin promoter at slightly less levels. Thus, our data agrees with other investigators using the Prolactin promoter. Altogether these results demonstrate that the PITX2A, B and C isoforms have different transcriptional activities that are promoter dependent. However, PITX2B is only active using the Prolactin promoter in CHO cells.
DNA binding activities of the PITX2 isoforms-
A possible explanation for the differential transcriptional regulation would be due to differences in DNA binding activities by the isoforms. We next asked if these PITX2
isoforms bound the Dlx2 bicoid DNA element (5'-TAATCC-3') at similar activities. We expected that they would since all contain identical homeodomains however, the different N termini could influence their binding activities.
We have previously reported that the PITX2A C-terminal tail can interact with the N-terminus to modulate its DNA binding activity (35, 37) . Therefore, we speculated that this interaction could be either disrupted or enhanced depending on the relative structure of the N-terminus. However, we demonstrate that each isoform binds the Dlx2 bicoid element with similar activities and all form homodimers (Fig. 5 ). We assayed increasing protein concentrations from 80 ng to 240 ng for each isoform (Fig. 5) . Thus, the lack of PITX2B activity using the Dlx2 and PLOD1 promoters was not due to a disruption of its DNA binding activity, since both promoters contain multiple bicoid elements.
Cell Specific Regulation of PITX2 Isoform
Transcriptional Activity-Since all three major PITX2 isoforms contain different N-terminal amino acid sequences we asked if cellular factors might influence their activities. As we discussed in the introduction the PITX2 isoforms are expressed in distinct and overlapping domains during human, frog, mouse, zebrafish and chick development. We reasoned that these isoforms might have different activities in cell lines derived from different tissues and vertebrate species, due to PITX2 interacting factors.
Transfection of HeLa cells with the Dlx2 promoter revealed changes in PITX2 isoform activities compared to CHO transfections presented in figure 2B . In HeLa cells PITX2C was more active than PITX2A, compare 5-fold activation of Dlx2-3276 for PITX2C to 3-fold for PITX2A (p<0.05), (Fig. 6 ). In CHO cells PITX2A was more active than PITX2C using the Dlx2 promoter (p<0.05). However, PITX2B remained inactive in HeLa cells. These data clearly demonstrate a difference in PITX2 isoform activity based on the transfected cell line. We further analyzed this response in a tooth epithelial cell line, LS-8 which we have previously shown reduces the activity of the Dlx2 promoter when co-transfected with PITX2A, compared to CHO cells (31) . In this cell line the activity of all three major PITX2 isoforms were similar, albeit low activation as we have previously reported (Fig. 7) . LS-8 cells endogenously express Msx2, which can antagonize PITX2 activation of the Dlx2 promoter (31).
Furthermore, we have shown that the LS-8 cell line contains factors that complex with PITX2A to presumably regulate its activity. The reduced PITX2 activation of the Dlx2 promoter in LS-8 cells is currently under investigation. RT-PCR experiments have identified the expression of Pitx2a and Pitx2c but not Pitx2b in this cell line (31) . Altogether, these data demonstrate a cell specific regulation of PITX2 isoform transcriptional activity.
Transcriptional synergism by PITX2 isoforms-PITX2 isoforms are co-expressed in different combinations during vertebrate development. All three major Pitx2 isoforms are expressed in the pituitary and craniofacial region, while other organs and tissues express combinations of the isoforms which can be species dependent. To examine the effect of these isoforms acting together to regulate gene expression we transfected CHO cells with combinations of PITX2A, 2B and 2C. PITX2A activated the Dlx2 promoter at 30-fold and PITX2B at 2-fold compared to empty vector but surprisingly co-transfection of both yielded a synergistic 67-fold activation of the Dlx2 promoter (Fig. 8) . Co-transfection of PITX2C and PITX2B also revealed a synergistic 63-fold activation while co-transfection of PITX2A and PITX2C resulted in only an additive effect (Fig. 8 ). These data suggest that PITX2B can interact with PITX2A and 2C to increase their transcriptional activities.
To determine if CHO cells provided factors that enhanced the PITX2B interactions and transcriptional activity we also co-transfected HeLa cells. In HeLa cells we observed similar results compared to transfected CHO cells. PITX2A activated the Dlx2 promoter at 3-fold while PITX2B was inactive, however co-transfection of both PITX2A and 2B yielded a 7-fold activation (Fig. 9 ). Co-transfection of PITX2B and PITX2C activated the Dlx2 promoter in HeLa cells at 7-fold compared to empty vector control transfection (Fig. 9) . However, co-transfection of PITX2A and PITX2C resulted in an additive effect similar to CHO cells (Fig. 9 ).
Interestingly, we observe less dramatic synergistic effects through PITX2 isoform interactions using the Prolactin promoter in CHO cells. Co-transfection of PITX2A and PITX2B resulted in a 15-fold activation;
PITX2A and PITX2C in a 16-fold activation and PITX2B and PITX2C at 21-fold activation (Fig. 10) .
Surprisingly, with the Prolactin promoter all three isoforms can synergize with each other whereas with the Dlx2 and PLOD1 promoters co-transfection of PITX2A and PITX2C resulted in additive activation (data not shown for PLOD1). Clearly, these isoforms can interact and significantly increase promoter activity. These data when taken together reveal a mechanism for the combinatorial role these isoforms can play when expressed in the same tissues during development. This type of mechanism would rapidly activate genes required for normal development and the control of PITX2 isoform expression would work to tightly control gene expression. Furthermore, although PITX2B appears inactive by itself, we demonstrate a critical role for this isoform in activation of the Dlx2 and PLOD1 genes.
PITX2 isoforms heterodimerize-Since we have shown transcriptional synergy between PITX2A and 2C with PITX2B we next asked if this was due to physical interactions between these isoforms. To address this question we used EMSA's to determine if heterodimers were formed when combinations of the isoforms were mixed together and allowed to bind to the Dlx2 bicoid probe. We have previously demonstrated using GST-PITX2 pull down assays that PITX2 isoforms can physically interact (31) . When PITX2A and 2B were mixed in equal amounts (80 ngs) we observed an increase in DNA binding through the formation of heterodimers, and little increase in monomer binding (Fig. 11) . Quantitation of the gels revealed that most of the PITX2B bound as a heterodimer complex with PITX2A. This is visualized as a large slower migrating complex above the PITX2A monomer band (Fig. 11) . Interestingly, mixing equal amounts of PITX2A and 2C resulted in a slight increase in heterodimer formation however; the increase in overall binding resulted from an increase in each protein binding as a monomer (Fig. 11 ). This can be seen by two separate faster migrating bands, which run at the same position as each separate monomer protein. Mixing equal amounts of PITX2C and PITX2B resulted in an increase in heterodimer formation (Fig. 11 ). Overall these results reveal that the PITX2B isoform appears to facilitate dimerization with PITX2A and PITX2C. These data suggest that the transcriptional synergism observed between PITX2A and PITX2C with PITX2B occurs through the ability of the PITX2B isoform to physically interact with the other two isoforms.
PITX2D isoform inhibits the transcriptional activity of PITX2A and PITX2C-We have identified a new
PITX2 isoform from a human craniofacial library. It is made by alternative splicing of a transcript produced from the internal promoter located in intron 3 which also produces the PITX2C isoform (Fig. 1) . PITX2D results from splicing of exon 4a to a cryptic 3' splice site in exon 5, which produces a truncated homeodomain and complete Cterminal tail. We have shown that this isoform does not bind to DNA as expected since it does not contain a functional homeodomain (Fig. 5) . However, since it is expressed with the other isoforms we asked if it had a functional activity with respect to the other isoforms. CHO cells were co-transfected with the Dlx2 promoter and PITX2 expression plasmids. As expected PITX2D has no transcriptional activity when transfected with the Dlx2 promoter (Fig. 12A) . However, when co-transfected with PITX2A, PITX2D caused a 3-fold reduction in PITX2A
transcriptional activity of the Dlx2-3276-luc promoter, from 30-fold to ~10-fold in CHO cells (Fig. 12A) . A 2-fold reduction of PITX2C transcriptional activity was observed when co-transfected with PITX2D, from 25-fold to 12-fold (Fig. 12A) . PITX2D had no effect on the transcriptional activity of PITX2B, which we have shown is not active with this promoter. Co-transfection of the PITX2 isoforms with the minimal Dlx2-200-luc plasmid revealed little activation and PITX2D only minimally inhibited this activation (Fig. 12A) . These data reveal that PITX2D
can negatively regulate the transcriptional activities of PITX2A and PITX2C isoforms.
A possible explanation for these results could involve a mechanism where the PITX2D RNA inhibits the translation of the other PITX2 isoforms in CHO cells. We performed a Western blot of transfected CHO cell lysates to determine if PITX2A expression and protein stability were affected by PITX2D. We assayed two concentrations of CHO lysates and found that co-expression of PITX2D with PITX2A had no effect on PITX2A protein expression or stability (Fig. 12B ). We also found that PITX2C protein expression was unaffected by coexpression of PITX2D (data not shown). Our PITX2 antibody recognizes an N-terminal epitope shared by PITX2A, B and C isoforms however, it will not recognize PITX2D since the epitope is lost. All of our PITX2 expression plasmids contain a C-Terminal Myc tag which allows us to observe PITX2D expression using the Myc antibody (data not shown).
These results would suggest that factors specific for CHO cells might be interacting with PITX2D to facilitate its repression of PITX2A and 2C transcriptional activity. To address this possibility we transfected HeLa cells and observed similar repression of PITX2A and 2C activity using the Dlx2-3276-luc reporter plasmid by PITX2D as seen in CHO cells (Fig. 13) . Thus, this repressive effect by PITX2D does not appear to be due to specific factors associated with a specific cell line. The repressive effects by PITX2D were observed with other promoter constructs including the PLOD1 and Prolactin promoters demonstrating that this effect is not restricted to a specific promoter (data not shown).
PITX2D physically interacts with PITX2A and PITX2C isoforms-Our transfection results indicate that
PITX2D could be physically interacting with the other PITX2 isoforms to attenuate their activity. We used GST-PITX2D pull down assays to determine if PITX2A and PITX2C isoforms could interact with PITX2D. GST-PITX2D was immobilized to Sepharose 4B beads (Pharmacia) and incubated with bacteria expressed and purified PITX2 isoforms. As a control purified PITX2 isoform proteins were also incubated with GST-beads. PITX2A
and PITX2C were able to bind to immobilized GST-PITX2D (Fig. 14) . As a control we show that GST-beads alone did not bind PITX2A or C (Fig. 14) . These data clearly demonstrate that the PITX2D isoform can physically interact with the other PITX2 isoforms. These experiments corroborate our previous experiments demonstrating that PITX2 isoforms interact through their C-terminal tails (31) . Since all PITX2 isoforms contain identical C-terminal tails our data demonstrates that each isoform has the capability to interact with other isoforms.
Another explanation for the suppression of PITX2A and PITX2C activity by PITX2D might be due to the inability of a PITX2A/2D or PITX2C/2D complex to bind DNA. We performed EMSA's where we mixed PITX2A and PITX2C with PITX2D and found neither a loss of binding or increased PITX2A or PITX2C binding activity (data not shown). Clearly, the easiest explanation is that PITX2D is binding factors essential for PITX2 activity, thereby sequestering that factor from interacting with PITX2 isoforms. While this is a possibility, we speculate that PITX2D directly binds to PITX2A and PITX2C to inhibit their activity. This mechanism is analogous to our previous report demonstrating that the C-terminal 39 amino acid peptide can also inhibit the transcriptional activity of PITX2A (35) .
DISCUSSION
Gene expression can be regulated by alternatively spliced transcription factors. Alternative splicing of transcription factors provides a mechanism for the fine-tuning of gene expression during development. Three major PITX2 isoforms have been isolated and shown to differentially regulate organogenesis. However, the molecular mechanism for this development preference of the different PITX2 isoforms was unknown. We have been studying the mechanism of PITX2 transcriptional regulation and have recently identified several genes that are regulated by PITX2 (28, 31, 35) . The results from the present study reveal a promoter and cell dependent activation by the three major PITX2 isoforms. Our recent identification of a fourth minor PITX2 isoform expressed in humans adds another level of regulation to the transcriptional activity of PITX2.
In the brain, craniofacial region and pituitary, which express all three major PITX2 isoforms, the interactions between PITX2 isoforms would provide a mechanism to tightly regulate gene expression controlled by PITX2. Our research provides several mechanisms by which PITX2 isoforms may interact to both activate and repress gene expression. We have shown in this report and previously that the PITX2 isoforms can heterodimerize (31, 35 (17, 24) .
Interestingly, using the Dlx2 promoter whose gene product is expressed in during craniofacial and brain development we find that PITX2A is more active than PITX2C while PITX2B has minimal activity. However, PITX2B when co-transfected with PITX2A or PITX2C isoforms results in synergistic activation of the Dlx2 promoter. It has been reported that all three major PITX2 isoforms are expressed in the brain and craniofacial region (37). Thus, even though a different promoter regulates PITX2C expression its level of expression is similar to PITX2A and 2B in the brain. Therefore, the location of PITX2 isoform expression in regions of the developing embryo could have important effects on PITX2 target gene expression such as Dlx2. During embryogenesis based on our research we speculate that the combination and levels of PITX2 isoform expression will greatly influence Dlx2 gene expression. We demonstrate this type of regulation by using different cell lines, which reveal differences in PITX2 isoform activities. PITX2A activates the Dlx2 promoter more strongly than PITX2C in CHO cells whereas, PITX2C activates the Dlx2 promoter more strongly in HeLa cells compared to PITX2A. However, PITX2B is inactive in both cell lines. Furthermore, we use a tooth epithelial cell line to assay PITX2 isoform activities and observe a different ratio of PITX2 isoform transcriptional activities. These data reveal a preference for PITX2 isoform transcriptional activity based on the cells used in our transfection experiments. We propose that PITX2 isoform transcriptional activity will be similarly different in tissues of the developing embryo.
In contrast to Dlx2 and Prolactin expression by PITX2 isoforms the PLOD1 promoter is activated more strongly by PITX2C than PITX2A in CHO cells. Similar to Dlx2 the PLOD1 promoter is not activated by PITX2B. However, the Dlx2 and PLOD1 promoters are activated synergistically by the combination of PITX2A/2B and PITX2C/2B ( Fig. 8 and 9 , unpublished observations). Interestingly, PLOD1 has been shown to be expressed in the heart and since PITX2C has been reported to be the major isoform expressed in the heart our results corroborate the function of PITX2C in heart development. Furthermore, our laboratory has recently identified a heart specific gene that is regulated by PITX2 isoforms however, only PITX2C can synergistically activate this promoter in the presence of another heart specific transcription factor (manuscript in preparation).
Through the use of three naturally occurring promoters we are able to demonstrate specific differences in PITX2 isoform activities. We have shown that the activities of the major PITX2 isoforms are dependent on the specific promoter they activate and the cells in which they are expressed. Our research provides the first functional mechanism for differential gene expression by PITX2A, 2B and 2C isoforms. It has been shown that other transcription factor isoforms can differentially regulate gene expression. The Pax-5 gene produces four isoforms as a result of alternative splicing, which can act to either positively or negatively regulate gene expression (38).
Interestingly, an alternative form of Pax5 termed Pax5e, does not bind DNA but causes an increase in Pax5a activity. Thus, there is precedence for alternatively spliced transcription factors, which do not bind DNA but can exert a regulatory effect on the other isoforms. However, our data reveal a negative regulatory mechanism for the PITX2D isoform. The Pit-1 transcription factor gene produces alternatively spliced products that regulate
Prolactin gene expression (39).
Since the major PITX2 isoforms only differ in their N termini we speculate that the N-terminus must play a role in the differential transcriptional activities of these isoforms. However, we have shown that each isoform binds DNA similarly thus, the N-terminus must be interacting with tissue/cell specific factors to regulate their activities.
Our data would indicate this occurs since we observe transcriptional activation differences in several cell lines. To address the functional properties of the different N-termini we have co-transfected each N-terminal specific peptide with the PITX2 isoforms (data not shown). Our rationale was that if the N termini were binding specific factors then expression of the N-terminal peptides would sequester cellular factors by binding them and thus allow for differential regulation by the wildtype isoforms. Interestingly, when we co-transfected the PITX2A isoform with the PITX2A and PITX2B N-terminal peptides we observed a 2-fold increase in PITX2A transcriptional activity (unpublished observation). These data suggest that the N termini of the PITX2 isoforms may be binding factors, which regulate their activities. However, co-transfection of the 2C N-terminal peptide had no effect on PITX2A activity. We did not present these results in this report as they are difficult to interpret. However, they do provide clues that the N terminus of each PITX2 isoform maybe binding cell specific factors that regulate their activities.
Functions of PITX2D-Our transfection data clearly demonstrates that isoform PITX2D has the ability to act as a transcriptional suppressor. We demonstrated that PITX2D inhibits PITX2A and 2C activation of the Dlx2 promoter. Furthermore, this inhibition occurs in CHO, HeLa and LS-8 cells demonstrating that it was not cell specific. We also observe this inhibitory effect with the PLOD1 and Prolactin promoters (unpublished observations). PITX2D has a truncated homeodomain, which is derived from the use of a cryptic 3' splice site.
This isoform appears to be produced as a result of aberrant splicing in humans. We isolated this isoform from a human craniofacial library and the specific tissue or organ distribution of this isoform has not yet been determined.
However, we have repeatedly seen this isoform in human craniofacial libraries and we speculate that it may have important functions in regulating PITX2 transcriptional activity in humans. PITX2D does not bind DNA and we have shown that it does not inhibit the expression of PITX2 isoforms in the transfected cell lines. However, it does physically interact with the major PITX2 isoform proteins, which appears to be the mechanism by which it inhibits the activity of the other isoforms. Interestingly, this isoform acts very similar to our previous report of the PITX2 C-terminal 39 amino acid peptide acting to inhibit PITX2A transcriptional activity in transfected cells (35) . In that report we demonstrated that the PITX2 C39 peptide bound to PITX2 to inhibit its transcriptional activity and similarly in this report we demonstrate that PITX2D also binds PITX2A and PITX2C isoforms.
The mechanism of this suppressive effect is currently unknown and we are investigating its action. But interestingly we and others have reported the existence of a transactivation domain in the C-terminus of PITX2 (25, 29, 35) . Thus, if the PITX2D protein is forming a heterodimer with the other isoforms it should be able to activate the promoters in our transfection assays since it contains the C-terminal transactivation domain. Since mixing PITX2D with each PITX2 isoform does not inhibit their DNA binding activity (data not shown) then suppression of PITX2A and PITX2C transcriptional activity is not due to a loss of DNA binding activity. One explanation for the suppressive effect would involve PITX2D binding cellular factors required for PITX2 activity.
We and others have shown the C-terminal region of PITX2 is important for protein-protein interaction and binds cellular factors (35, 40) . Thus, PITX2D may act to suppress the activity of the other PITX2 isoforms by "soaking up" factors that normally bind to PITX2. We have titrated PITX2D DNA concentrations in our transfection experiments and do not observe a corresponding decrease in PITX2 activation upon increased PITX2D DNA concentrations (unpublished observations). Thus, it appears unlikely that PITX2D is binding a factor essential for PITX2 activity. We are currently investigating the mechanism of this novel PITX2 isoform. Developmentally, it does provide an interesting mechanism for the regulation and fine-tuning of PITX2 transcriptional activity which appears to be required for the normal morphogenesis of several organs.
In summary, our studies provide evidence that PITX2 isoforms differentially activate genes involved in development. We provide a molecular basis for organ/tissue development by PITX2 isoforms, where the expression of PITX2 isoforms can greatly influence gene expression. Furthermore, we provide evidence for the regulation of PITX2 isoform transcriptional activity in a cell dependent manner. Lastly, we demonstrate a new mechanism for the regulation of PITX2 transcriptional activation through the action of a novel PITX2 isoform. (-) (2.5 µg). All transfection assays were performed as described in figure 2 . The activities are shown as mean fold activation compared to the PLOD1 promoter plasmids without PITX2 expression and normalized to β-galactosidase activity (+/-SEM from nine independent experiments). The activities are shown as mean fold activation compared to the Prolactin promoter plasmids without PITX2 expression and normalized to β-galactosidase activity (+/-SEM from eight independent experiments). Our PITX2 antibody will not recognize the PITX2D isoform since the antibody epitope flanks the homeodomain and lies in the N-terminal region shared by the other three PITX2 isoforms (28, 31) . This epitope is missing in the PITX2D isoform. CHO cells co-transfected with the Dlx2 promoter construct and empty expression vector were used as the mock control. except that PITX2D (2.5 µg) was co-transfected were indicated with the other PITX2 isoform plasmids. demonstrating that PITX2D can physically interact with the other isoforms. The bound isoforms were detected by Western blot using the PITX2 antibody. As a control GST-beads were incubated with purified PITX2A and PITX2C proteins to demonstrate the specificity of binding to PITX2D. 
